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� Two-step preparation of a core@shell
(Fe@FexOy) nanotube system allows
the tunning of the metallic iron and
iron oxide phases.

� The Fe@FexOy nanotubeś magnetic
saturation can adjust for a desirable
application by varying the synthesis
conditions.

� The Fe@FexOy nanotubes have a
vortex state, which guarantees low
remanence and coercivity.

� Fe@FexOy nanotubes present good
biocompatibility for two cells line:
HEK and SAOS2.
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Iron oxide (maghemite and magnetite) nanoparticles are the most commonly used magnetic materials in
nanomedicine because of their high biocompatibility. However, their low saturation magnetization (60–
90 emu/g) limits their applicability. Here, we report a new core–shell (Fe@FexOy) nanoring system, which
combines the high magnetic saturation of a metallic iron core (220 emu/g) and the biocompatibility of an
iron oxide shell. To produce these nanostructures, hematite (a-Fe2O3) nanorings were annealed in a H2

gas atmosphere for different periods to optimize the amount of metallic iron percentage (d) in the system.
Thus, nanostructures with different magnetic saturation (97 to 178 emu/g) could be obtained; based on
their metallic iron content, these particles are labeled as Vortex Iron oxide Particle d (VIPd).
Micromagnetic simulations confirmed that the VIPd nanorings exhibit a vortex configuration, guarantee-
ing low remanence and coercitivity. Moreover, the system shows good biocompatibility in various assays
as determined through cell viability measurements performed using two different human cell lines,
which were exposed to VIP78% for 24 h. Therefore, VIPd nanorings combine a magnetic vortex state
and biocompatibility with their high magnetic saturation and can thus serve as a platform that can be
tuned during the synthesis based on desired biomedical application.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnetic Iron Oxide Nanoparticles (MIONs) have attracted
much attention, especially for use in various biomedical applica-
tions such as magnetic resonance imaging (MRI) [1,2], stimuli-
responsive drug delivery [3–6], bioseparation [7,8], and magnetic
hyperthermia (MH) [9–12]. Recently, interest in theranostic sys-
tems (i.e., those combining both therapy and diagnostics) for can-
cer prevention has also increased significantly. Thus, improving
the magnetic properties of MIONs would allow for earlier detection
of cancer and more efficient treatments. For these reasons, Super-
paramagnetic Iron Oxides Nanoparticles (SPIONs), a class of
MIONs, are today’s more explored to use as theranostic agents
because of their biocompatibility, low cytotoxicity, zero rema-
nence, and coercivity, which meet the requirement for various
biomedical applications [13–15]. SPIONs such as magnetite
(Fe3O4) and maghemite (c-Fe2O3) nanospheres have been
approved for a number of in-vivo applications by the Food and
Drug Administration (FDA), and their suspensions are commer-
cially available [16]. However, the saturation magnetizations of
Fe3O4 and c-Fe2O3 are relatively low (60–90 emu/g) compared
with those of conventional ferromagnetic materials such as metal-
lic Fe (220 emu/g) [17], limiting the use of the nano compounds
based on these oxides as theranostic agents.

The design and tuning of the composition, size, and shape of
magnetic theranostic agents can be improved. One way to enhance
the magnetic properties of these materials is to partially replace
the iron ions those of other 3d metals, which are also called spinel
ferrites (MFe2O4, where M = Co, Mn, Ni) [18,19]. However, the cyto-
toxicity of nano ferrite compounds is not yet known. Additionaly,
magnetic core–shell systems have been shown to exhibit improved
magnetic properties [17,20]. Another option is to form a core com-
posed of high magnetic moment material, such as metallic iron,
and surround it with a biocompatible shell made of Fe3O4 or c-
Fe2O3 [20]. Thus, in this configuration, the metallic core is envel-
oped by a biocompatible shell, which prevents its oxidation and
helps ensure a higher degree of magnetization saturation. The shell
also allows for surface functionalization [11,21].

Another strategy to modify the magnetic properties of
nanocompounds is to vary the morphology, that is, to form com-
pounds structured as nanocubes [22,23], nanowires/nanorods
[24,25], nanoflowers [26,27], and octopods [28]. Studies have
demonstrated that morphological tuning allows to control of the
magnetic properties [22,23,29,30] of these materials. Recently,
Mohapatra et al.[29] showed that, by tuning the morphology of
iron oxide nanoparticles (i.e., by forming spheres, cubes, octahe-
drons, multipods, nanowires, and nanorods), the heating efficiency
of high-aspect-ratio nanowire-shaped iron oxide nanoparticles for
magnetic heating applications could be improved significantly
compared with that of spherical nanoparticles. This was owing to
the high shape anisotropy of the former. Sharma et al. [23] synthe-
sized cubic magnetite that simultaneously exhibited superparam-
agnetic and paramagnetic behaviors by controlling the shape and
size of the nanoparticles. The resulting material was suitable for
use as a dual-modal MRI contrast agent. Thus, the morphology
has a determining effect on the magnetic properties at the nanos-
cale, and morphological tuning may allow for novel magnetization
configurations, such as vortex-domains observed in nanodiscs/-
nanorings/nanotube [31–37]. This strategy can be exploited to
develop new theranostic agents as alternatives to conventional
spherical SPIONs.

Within this context, Vortex Iron oxide Particles (VIPs) exhibit an
exotic magnetic configuration, which is denominated as a vortex
ground state. In this configuration, the magnetic moments are ori-
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ented coplanar and tangentially to a static circular [38]. It is crucial
to point out that nanoparticles with a vortex state show negligible
coercivity and remanence, resulting in enhanced colloidal stability
owing to the waker dipole–dipole interactions between particles in
suspensions forms [35]. The dimensions of the particles, such as
height and inner and outer diameters, can be accurately designed
to promote the formation of a stable vortex domain [39]. The most
common synthetic route for forming VIPs is the post-synthesis
annealing process in the presence of a reducing gas [31,33,34,40–
43]; however, the precise control synthesis and tuning processes
for these materials remains a challenge. We had previously
reported that Fe3O4 VIPs with superior shape-induced vortex mag-
netic properties and size tunability (70–250 nm in height) exhibit a
significantly enhanced Specific Absorption Rate (SAR) and hence
greater magnetic heating capability compared with those of
SPIONs [31]. Fan et al.[44] reported nanorings that have a powerful
effect on the T2*-weighted MRI signal compared with conventional
SPIONs.

These results are attributable to the ring-like shape of these
materials and their magnetization configuration, which ranges
from vortex-like to onion-like and leads to a high relative volume
fraction and susceptibility. Thus, VIPs are an exciting alternative to
SPIONs but exhibit more exotic magnetic properties [31,45].

Herein, we describe the synthesis of core–shell iron@iron oxide
VIPs and their structural, morphological, and magnetic properties,
which make them suitable for use as a tunable theranostic
nanoplatform. Hematite (a-Fe2O3) nanorings with an aspect ratio
of approximately one were synthesized by a hydrothermal method
[31,32]. The as-prepared a-Fe2O3 nanorings were then annealed in
an H2 atmosphere for different periods (30–240 min) to produce a
core–shell (Fe@FexOy) structure with different Fe contents (d). The
VIPd samples were characterized by ex-situ X-ray diffraction (XRD)
analysis, field emission scanning electron microscopy (FESEM), X-
ray photoelectron spectroscopy (XPS), and magnetic measure-
ments. In-situ XRD and X-ray absorption near-edge spectroscopy
(XANES) were performed during the reduction step using a syn-
chrotron light source. Micromagnetic simulations confirmed the
presence of a vortex state in the VIPd nanorings. In addition, 3-(4
,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and live/dead were performed with epithelial cells from human
kidney embryos (HEK293) and human osteosarcoma cells lines
(SAOS2) using 20–500 mg/mL of VIPd. It is crucial to highlight that
the tuning of the nanoring-shaped Fe@FexOy core–shell structure
did not result in cytotoxicity. Thus, this novel versatile theranostic
nanoplatform shows interesting magnetic properties for biological
applications, including drug delivery, magnetic hyperthermia,
magnetic separation, and magnetic resonance imaging.

2. Experimental section

2.1. Chemicals

Iron (III) chloride hexahydrate ðFeCl3:6H2OÞ and sodium sulfate
ðNa2SO4Þ were purchased from Vetec. Sodium phosphate monoba-
sic ðNaH2PO4:H2OÞ was purchased from Química Moderna. All the
chemicals were used as received. The mixture gas 10% H2/Ar (i.e.,
10% of hydrogen and 90% of argon) used in the experiment was
supplied by Messer.

2.2. Synthesis of hematite nanoring

Hematite ða� Fe2O3Þ nanorings were synthesized as described
in the literature, with minor modifications [32]. FeCl3:6H2O
(5.410 g, 20 mmol), Na2SO4 (0.041 g, 0.30 mmol) and
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NaH2PO4:H2O (0.75 g, 0.55 mmol) salts were dissolved in 1000 mL
of distilled water under vigorous stirring, resulting in a solution
with a concentration of 20.00, 0.55 and 0.30 mmol/L, respectively.
After the complete dissolution of the salts, 80 mL of the resulting
solution was transferred to a Teflon cup, which was placed in a
stainless-steel autoclave, and heated at 220 �C for 48 h at a rate
of 20 �C/min. The solid was centrifuged, washed with isopropanol
four times, and dried at 60 �C for 12 h to obtain a red powder
(100 mg).

2.3. Ex-situ preparation of the vortex iron particles (VIPdÞ

To produce magnetite/maghemite ðFe3O4=c� Fe2O3Þ nanorings
with different percentages of metallic iron (Fe), the synthesized
a� Fe2O3 nanorings were reduced in the presence of a continuous
flow (70 mL/min) of 10 % H2=Ar at different temperatures (300 �C
to 400 �C) and fixed time of 120 min; and at a fixed temperature
of 400 �C during different times (30 to 240 min). The amount of
metallic iron in the samples was tailored by varying the reduction
time from 30 to 240 min. After this annealing, the nanoparticle was
cooled to room temperature and manipulated in air.

2.4. Characterization

The ex-situ X-ray diffraction (XRD) measurements were per-
formed for 2h of 20�–80�, using a X’pert PRO Panalytical diffrac-
tometer equipped with a XCelerator detector and a Cu–Ka (k = 1.
54056 Å) radiation source. The diffractograms were adjusted by
the Rietveld method with the software FullProf [46], using the
a� Fe2O3 (R3c space group), Fe3O4 (F d3m space group) [47], FeO
(F m3m space group) [47] and Fe (Im3m space group) [48] models.

The magnetic measurements (M � H) were performed using a
Vibrating Sample Magnetometer (VSM) (Dynacool, Quan-
tum3Design) at room temperature.

The morphologies of the samples were investigated using Field
Emission Scanning Electron Microscopy (FESEM). The images were
acquired on a field emission JEOL 7100FT instrument operated at
10 kV; the working distance was 10 mm, equipped with a
backscattered detector, available at LABNANO/CBPF. Before the
analysis, the samples were dispersed in ethanol and sonicated for
10 min. Then, the dispersion was gently dropped onto a Si sub-
strate and left to dry at 60 �C for 24 h. The particle size distribution
was determined from SEM images by measuring the height (H),
internal diameter (d), and external diameter (D) of at least 200 par-
ticles using the software ImageJ.

The X-ray Photoelectron Spectroscopy (XPS) measurements
were carried out using a SPECS PHOIBOS 100/150 spectrometer
with a polychromatic Al-Ka radiation source at an X-ray energy
of 1486.6 eV. The take-off angle for the C1s, O1s, and Fe2p energy
peaks were 30�. The peaks were fitted using the software CASA-
XPS; the calibration was performed using the C1s peak with a bind-
ing energy of 284.6 eV. The Fe 2p envelopes peaks were fitted using
a proposed model [49], wherein the area of the higher energy peak,
corresponding to Fe2p1/2, was half that of the Fe2p3/2 peak, and the
energy difference between them was 13.6 eV [13].

In-situ X-ray Absorption Near Edge Spectroscopy (XANES) mea-
surements were performed at the DXAS beamline at the Brazilian
Synchrotron Light Laboratory (LNLS) [50], Campinas, Brazil. The
XANES spectra were collected at the Fe–K edge (from 7035 to
7300 eV) in the transmission mode. For these measurements,
5 mg of hematite nanoring was mixed with 95 mg of boron nitride
(BN) to prepare a pastille and adjust for optimum X-ray
transmission. Then, in-situ reduction was performed with a flow
of (70 mL/min) of hydrogen/helium (5% H2=He) for maximum
X-ray transmission. The initial temperature was 22 �C, the system
was heated to 400 �C at a rate of 13 �C/min, and the temperature
3

was then kept constant for 360 min. Subsequently, the system
was cooled to the initial temperature at the same rate. During
the experiment, 264 spectra were collected at one-minute interval.
The ex-situ spectra of the reference samples were also collected.
The spectra obtained during the in-situ experiments were analyzed
by the software Athena, based on a linear combination of the refer-
ence spectra.

In-situ X-ray powder diffraction (XRD) measurements were car-
ried out at the beamline XRD1-D12A [51] of LNLS. The sample was
loaded into a quartz capillary with a diameter of 1.0 mm and
placed between two quartz wool beds. The capillary was then
placed in a reaction cell oriented horizontally and perpendicularly
to the X-ray beam and connected to a 3-circle Heavy Duty diffrac-
tometer from Newport�. A hot air blower was coupled to a robotic
arm (Yaskawa-Motoman) to hold the sample to control the tem-
perature during the experiment. The diffractograms were recorded
while the sample was reduced in a maximum He concentration at
the maximum capillary flow possible of 10% H2/He (10 mL/min)
while increasing the temperature from 25 to 400 �C at rate of
10 �C/min. Subsequently, the sample was kept at this temperature
for 120 min. The diffraction patterns were obtained in the 2h range
of 10–120� for an acquisition time of 120 s using an array of 24
detector Mythen (Dectris�), which were installed in the delta circle
at 760 mm from the sample. The wavelength used (k = 1.0332 Å)
was selected by a double-crystal Si (111) monochromator and cal-
ibrated using an Al2O3 (SRM 676a) powder NIST standard.
2.5. Micromagnetic simulations

The micromagnetic simulations were performed using the
Mumax 3.9 package, which allows one to analyze the time evolu-
tion of the magnetization distribution by solving the Landau-
Lifshitz-Gilbert-Langevin equation. The experimentally accepted
magnetic parameters for bulk Fe3O4 for the shell while those for
metallic Fe for the core were used. More specifically, the saturation
of magnetization (Ms was taken to be 220 emu/g for Fe and
90 emu/g for Fe3O4), the exchange stiffness (A was taken to be
10e-3), and the anisotropy (K) for both magnetite and iron were
taken to be cubic. In addition, a cube with a size of 2 nm was used,
and the Gilbert damping coefficient was set to a = 0.5.
2.6. Cytotoxicity assays

Human Osteosarcoma (SAOS2) and Human Embryonic Kidney
293 (HEK) cell lines were seeded at 50000/cm2 for 24 h in Dulbecco
Modified Eagle’s Minimal Essential medium (DMEM), supple-
mented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin Strep-
tomycin (PS) at 37 �C in a controlled 5% CO2 atmosphere. After
adhesion, the cells were exposed to 20, 50, 70, 100, and 500 mg/
mL of VIP78% for 24 h. The positive control used was 1% Sodium
Dodecyl Sulfate (SDS). After exposure, the MTT (Sigma, Co.
M2128) assay was performed according to the manufacturer’s
instructions. The cell viability is expressed in terms of percentage
versus the control. The results are presented as the
mean ± standard deviation of the values from three experiments
(*p < 0.005).

Live/Dead Viability/Cytotoxicity Kit for mammalian cells
(Thermo Fisher Scientific, L3224) assays were performed after
exposure to 100 mg/mL VIP78% for 24 h, as per the manufacturer’s
instructions. The positive control was exposed to 20% DMSO for
30 min before staining. Photomicrographs were taken during the
experiments using a ZEISS AXIO A1 fluorescence microscope, and
all experiments were performed thrice.
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3. Results and discusions

3.1. Hematite nanorings

The hematite nanorings were synthesized using the method
reported previously by Jia et al. [32]. XRD measurements were car-
ried out to confirm the crystallographic structure of the nanoparti-
cles; the data were adjusted using the Rietveld method. Fig. S1 (a)
shows that all the peaks correspond to the corundum structure of
hematite [47] without additional phases. The morphology of the
particles was examined by FESEM; Fig. S1 (b) shows that they
had a ring-like morphology. The size distribution of the nanorings
is shown in Fig. S2. The histograms were adjusted using a Gaussian,
the mean values of the height and internal and external diameters
were: hHi = (175 ± 21) nm, hdi = (92 ± 16) nm, and hDi = (171 ± 15)
nm, respectively. The dimensions were chosen to ensure an aspect
ratio (i.e., height/ external diameter) close to 1 to prevent the
adverse effects of a high degree of asymmetry in the morphology
[31,32].

3.2. VIPd nanorings

The synthesized hematite nanorings were reduced to iron-
magnetite/maghemite. For this, the red powder was annealed
10% H2/Ar at different temperatures for 120 min. Fig. S3 (a) shows
the conventional XRD data of the samples after the reduction pro-
cess for temperatures from 300 �C to 400 �C. The XRD pattern of
hematite is also plotted for comparison, a room temperature indi-
cates it. Fig. S3 (b) shows the phases quantification from the Riet-
veld refinement for magnetite (blue curve)/maghemite (cyan
curve), metallic iron (red), and hematite (blue); note that the
metallic iron percentage increases as the temperature increase,
and the maximum value obtained was 70% at 400 �C. In order to
Fig. 1. (a) XRD diffraction patterns of as-prepared samples. Black lines represent the
correspond to crystallographic plane reflections of hematite (black), magnetite (blue), ma
functions of annealing time; magnetite and maghemite are shown together in same curve
iron content increases with time; (c) Volumes of unit cells of all phases as functions of me
(For interpretation of the references to color in this figure legend, the reader is referred
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investigate the formation of the metallic iron as function of the
annealing time, the temperature was fixed at 400 �C, and the time
varied from 30 to 240 min. Fig. 1 (a) shows the conventional XRD
data of the samples, the annealing time is indicated in each diffrac-
togram. The diffractogram of hematite is denoted by a reduction
time of zero. The phases contents (percentage) as determined from
the Rietveld refinement are shown as functions of the annealing
time in Fig. 1(b). As can be seen from Fig. 1 (a) and (b), annealing
time of 30 min was necessary to reduce the hematite phase (black
curve) to magnetite (blue curve)/maghemite (cyan curve) and wus-
tite (magenta curve). It is important to highlight the fact that
because the lattice parameters of maghemite and magnetite are
similar [52,53], the XRD measurement could not distinguish
between these phases; therefore, these phase contents are shown
in same curve using the blue cyan rhombuses and blue squares,
respectively. With an increase in the annealing time, the mag-
netite/maghemite was reduced to metallic iron (red curve), with
43% maghemite/magnetite and 49% metallic iron forming after
90 min. The maximum metallic iron content was 78%, which was
obtained after 180 min. This value remained unchanged with fur-
ther increases in the annealing time. In all the cases, the fraction
of wustite phase remained almost constant at approximately
10%. This was unexpected as it is well known that stoichiometric
wustite is unstable at room temperature [54]. Unsurprisingly, the
unit cell volume of every phase, namely, magnetite/maghemite,
wustite, and metallic iron, remained constant for all the reduction
conditions and corresponded to the different metallic iron contents
on the nanorings, as shown in Fig. 1 (c). Henceforth, the as-
prepared samples are labeled as VIPd, where d indicates the iron
content (%) on the nanorings. The morphology of the nanoparticles
and their size distribution (D, d, and H) before and after the reduc-
tion process were investigated by FESEM. A representative image
of the hematite nanoparticles is presented in Fig. 2 (a) while the
calculated adjustment by Rietveld analysis from FullProf software; vertical lines
ghemite (cyan) wustite (magenta), and metallic iron (red). (b) Phases percentage as
as the XRD technique can not distinguish between these phases. Note that metallic
tallic iron content. For (b) and (c) error bars are on order of graph point symbol size.
to the web version of this article.)



Fig. 2. SEM images of (a) hematite, (b) VIP5%, (c) VIP10% and (d) VIP70% nanoparticles, showing ring shape morphology, scale bars correspond to 200 nm.

Fig. 3. Relative decrease of VIPd nanoparticles dimensions after the reduction
process: height (red), thickness (magenta), and volume (blue); and unit cell volume
of VIPd (black) as function of metallic iron content (d). The d = 0% represents
hematite nanorings. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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images in (b), (c), and (d) are of VIP5%, VIP10%, and VIP70%, respec-
tively. As can be observed from these FESEM images, the initial
ring-like morphology was preserved, and the aspect ratio remained
approximately the same even after significant reduction. However,
after the reduction process, the dimensions of VIP d decreased as a
function of the iron content, as shown in Fig. 3 (the mean height is
shown in red, the thickness defined as the difference between the
5

external and internal diameters divided by two in magenta and,
the volume of the nanoring in blue). These quantities were deter-
minated from the ratio of the dimension of the samples before
and after the reduction process. In other words, we used the fol-
lowing expression:

relative decrease ¼ dimenssionafter
dimenssionbefore

� 100:
The volume of the nanorings decreased as the unit cell volume

decreased (black line), because the unit cell volume of the metallic
Fe is smaller than that of wustite, which, in turn, is smaller than
that of magnetite/maghemite [48]. Therefore, increasing the
amount of metallic Fe on the nanorings while ensuring that their
morphology remains unchanged decreases the nanoring volume.
Because the volumes of the unit cells of magnetite/maghemite,
wustite, and metallic remained constant (see Fig. 1 (c)), it can be
suggested that the nanorings were free of strain. In the VIPd system
with higher metallic iron concentration, this phase may be present
on the surface of the nanotubes; in this case, the metallic iron
would oxidates immediately after removing the samples from
the oven with a controlled atmosphere. Therefore, the ex-situ
XRD does not necessarily describe exactly the reduction dynamics.
In-situ XRD experiments were performed at 400 �C in a 10% H2/He
gas flow to analyze the phases formed during the annealing under
a controlled atmosphere avoiding possible oxidations and, there-
fore, more accurately describing the formation of metallic iron.
The time evolution of the diffractograms over 120 min is shown
in Fig. S4. These diffractograms were refined using the same
method as that employed during the ex-situ measurements. This
analysis made it possible to quantitatively analyze the time evolu-
tion of the contents of the different phases, as shown in Fig. 4(a). It
can be seen that after 14 min of the reduction reaction, all of the
hematite was transformed into maghemite/magnetite. As the
reduction process continued, the maghemite/magnetite was con-
tinually converted into metallic iron. After 80 min of reduction,



Fig. 4. Evolution of the phases percentage during in situ (a) XRD and (b) XANES experiments for hematite (black), magnetite (blue), maghemite (cyan), wustite (magenta), and
metallic iron (red). Note that phases of magnetite and maghemite are shown together in same curve as in situ XRD measurements can not distinguish between these both
phases; however they are shown separately in curves for in situ XANES measurements. Dashed regions indicate heating and cooling ramps. Error bars are on order of graph
point symbol size. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the metallic iron content of the nanoparticles was 50%. A small
amount of wustite (1,5%) appeared as an intermediate phase as
the reduction time was increased from 60 to 90 min. When the
reduction time was increased further, the wustite was also trans-
formed into metallic iron. Finally, after 120 min of reduction, the
system was composed of 90% metallic iron and 10%
maghemite/magnetite.

Therefore, the reduction dynamics under these conditions
(i.e., 400 �C and flow of 10% H2/He) occurs in three steps,
with the wustite appearing as an intermediate phase:
a� Fe2O3 ! Fe3O4 ! FeO ! Fe; where the oxidation state of iron
changes as follows: Fe3þ ! Fe3þ þ Fe2þ ! Fe2þ ! Fe0.

The in-situ XANES measurements were performed at the Fe
metal K-edge, at 400 �C in a 5% H2/He flow to differentiate between
maghemite and magnetite. Fig. S5 shows the time evolution of the
normalized XANES spectra after 420 min of reduction. The phase
quantification results are shown in Fig. 4 (b); the dashed regions
indicate the heating and cooling ramp times. Note that during
the heating stages, the hematite begins to transform into mag-
netite. The highest magnetite content (47.6%) was observed after
90 min, the remaining components being 17% maghemite, 21.5%
wustite, and �5.9% metallic iron. When the reduction time was
increased to 150 min, the magnetite phase disappeared, and the
maghemite phase fraction increased to 48.8%, with the remaining
components being 26.7% wustite and 23.4% metallic iron. From this
point onwards, the maghemite and wustite phases were trans-
formed into metallic iron, with the final fractions being 64.7%
metallic iron, 30.4% maghemite, and 5.4% wustite. On comparing
the in-situ XRD and in-situ XANES measurements results, one can
observe the following points: (i) the fraction of the wustite phase
was higher during the XANES experiments, and (ii) the final con-
tent of metallic iron was 90% and 65%, respectively, during the
XRD and XANES measurements. However, it is known that the
hydrogen gas concentration plays a fundamental role during the
reduction process, in that the lower the hydrogen concentration,
the slower reduction dynamics will be [55]. Thus, considering the
three reduction experiments conducted, namely, the ex-situ and
in-situ XRD, and the in-situ XANES measurements, varying the
reduction reaction parameters (such as the temperature, H2 con-
centration, and reduction time) is an efficient strategy to control
the final nanoring composition. Therefore, by adjusting these
parameters, it is possible to readily tune the relative concentra-
tions of metallic iron and its different oxides in the nanorings to
optimize the magnetic properties. For instance, the shape of the
6

hysteresis loop can be optimized for a given biomedical application
in this manner.

From now on, the properties of the nanorings reduced with 10%
H2/Ar gas were explored further. All the experiments conducted
were bulk sensitive. However, the core–shell structure resulted in
the nanoparticles exhibiting unique surface properties. The results
of XPS based surface analysis are given in Fig. 5, where (a) shows the
XPS spectra and fitted enveloped for the Fe2p emission lines of the
samples reduced for 60 (bottom), 120 (middle), and 240 min (top).
The Fe 2p envelope is composed of Fe 2p1/2 and Fe 2p3/2 peaks, and
the positions of these peaks agree with those reported for mag-
netite [54,56–59]. In addition, it was observed the absence of Fe
2p3/2 satellite peak, which is characteristic of magnetite [54]. The
deconvolution of the Fe 2p1/2 peak indicated the presence of Fe2+

and Fe3+; while the deconvolution of the Fe 2p3/2 peak indicated
the presence of the metallic iron phase Fe0. The atomic concentra-
tions corresponding to these peaks were calculated and are listed
in Table 1. It is known that Fe3O4 can be written as FeO�Fe2O3,
and that the Fe2+:Fe3+ ratio must be 1:2 or 0.33:0.67 [33,54]. In
the samples annealed for 60 and 240 min, the Fe2+:Fe3+ ratio was
0.48 and 0.49, respectively, indicating the presence of stoichiomet-
ric magnetite on the surface. However, for the sample annealed for
120 min, this ratio was 0.66, indicating the presence of an excess
amount of Fe2+, which can be attributed to the presence of non-
stoichiometric magnetite. We also compared the metallic iron con-
tent (d) in the bulk (from the XRD analysis) and on the surface (from
the XPS analysis) of the samples; Fig. 5 (b) shows that the metallic
iron is located primarily within the VIPd nanorings. In other words,
the metallic iron is located in the core of the nanorings, resulting in
a core–shell configuration for the VIPd nanoparticles, whose surface
is mainly composed of iron oxide.

The metallic iron of the samples increases the magnetic satura-
tion as the magnetization value of metallic iron (MFe

s ¼ 220 emu=g)
[60] is greater than those of magnetite and maghemite
(MFe3O4

s ¼ 90 emu=g [61,62] and Mc�Fe2O3
s ¼ 60 emu=g [63,64],

respectively). In contrast to these phases, wustite is an antiferro-
magnetic iron oxide [65], and its magnetization saturation is
MFeO

s ¼ 0 emu=g. Therefore, if the phases contents of a sample are
known, it is possible to estimate its magnetic saturation, which
can be written as:

Ms1 ¼ d �MFe
s þ b �MFe3O4

s þ q �MFeO
s

100
emu=g ð1Þ

if the shell is composed of magnetite, or as:



Fig. 5. (a) XPS spectra of nanorings annealed for 60 (top), 120 (middle), and
240 min (bottom). Fe 2p envelope peak was fitted for each sample, and Fe2+

(magenta), Fe3+ (green), and Fe0 (blue) were found on nanoparticles surfaces. (b)
Comparison of Fe0 percentage in volume (XRD data) and on surface (XPS data) of
samples as function of annealing time. Note that Fe0 percentage on the surface is
smaller than that within sample, indicating that Fe0 was mostly present in sample
interior, thus confirming the formation of core–shell configuration. Error bars are on
order of graph point symbol size. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Deconvolution of Fe 2p peaks and corresponding atomic concentrations.

Annealing time
(min)

Peak Peak
composition

Atomic
concentration (%)

Fe+2:
Fe+3

60 Fe2p3=2 Fe2þ 19.84 0.48

Fe3þ 40.96

Fe0 6.45

Fe2p1=2 Fe2þ 9.96 0.48

Fe3þ 20.57

120 Fe2p3=2 Fe2þ 24.25 0.66

Fe3þ 36.86

Fe0 5.66

Fe2p1=2 Fe2þ 12.17 0.66

Fe3þ 18.51

240 Fe2p3=2 Fe2þ 18.09 0.49

Fe3þ 36.60

Fe0 19.12

Fe2p1=2 Fe2þ 9.08 0.49

Fe3þ 18.38

Fig. 6. (a) Magnetization as function of magnetic field at room temperature for
selected samples with different metallic iron contents (d); (b) magnetization
saturation at room temperature as function of metallic iron content (d) as
determined through magnetic measurement (red points), theoretical magnetization
saturation Ms1 and Ms2 are represented by dashed blue and black lines, respectively.
Magnetization saturation increases with increasing metallic iron content. Error bars
are on order of graph point symbol size. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Ms2 ¼ d �MFe
s þ b �Mc�Fe2O3

s þ q �MFeO
s

100
emu=g ð2Þ

if the shell is composed of maghemite. In these equations, d, b, and
q are the phases content of metallic iron, magnetite/maghemite,
and wustite, respectively, as determined from the ex-situ XRD data
(Fig. 1 (b)). The magnetization of the selected samples is shown in
Fig. 6(a) as function of the magnetic field at room temperature;
the magnetization increases with increasing metallic iron content
(d). The saturation magnetization of the core–shell particles as a
7



Fig. 7. (a) Simulated thickness of magnetite layer as function of metallic iron content for nanorings with H = 175 nm, D = 171 nm, and three different internal diameters (d):
120 (90 + 30) nm (green line); 90 nm (red line); and 60 (90–30) nm (black line). Points (1), (2), and (3) represent selected simulated nanorings illustrated in (b) for d = 41%, (c)
d = 43%, and (d) d = 48%, respectively. Note that the ground state is vortex configuration. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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function of the metallic iron content (d) is shown in Fig. 6 (b); the
dashed blue and black lines represent the calculated magnetization
Ms1 and Ms2, respectively. Note that for low metallic iron contents
(d), the experimental saturation is close to Ms1, indicating that the
shell is composed of magnetite, in keeping with the XPS and in-
situ XANES results. For intermediate and high metallic iron contents
(d), the experimental saturation is close to Ms2, indicating that
maghemite is the main component of the shell. These results agree
with the in-situ XANES results, which showed that for metallic iron
contents of 30% and higher, the iron oxide is maghemite and not
magnetite.

It is well known that magnetite nanoring exhibit a magnetic
vortex arrangement as the ground state [32]. However, this is not
the case for the VIPd system. Thus, to determinate whether this
system also exhibits vortex arrangement, we performed systematic
micromagnetic analyses using the MuMax3 package. For these
simulations, we used a nanoring composed of a metallic iron core
covered by a magnetite shell. The dimensions (D, d, and H) of the
nanorings used for the simulations were two deviations from those
measured by FESEM. In other words, all possible combinations of
hDi = (170 ± 30) nm, hdi = (90 ± 30) nm and hHi = (175 ± 35) nm
were used. To mimic the metallic Fe shell corresponding to a given
Fe concentration, we considered an iron oxide layer with a con-
stant thickness and assumed that it covered the entire nanoring.
The relationship between the Fe layer thickness and the Fe concen-
tration (d) was determined geometrically using the ratio of the
shell and core volumes, for each dimension. The Fe concentration
was varied (as was the Fe thickness) from zero (pure magnetite
nanoring) to 100%. A specific curve for the Fe thickness as function
of the Fe concentration was obtained for a given set of dimensions
(D, d, and H), as shown in Fig. 7 (a). To determine the ground state
8

of each nanoring, simulations were performed using three different
initial magnetic configurations, namely, a magnetic vortex and a
uniform magnetization point parallel and perpendicular to the
height axis of the nanoring (saturated magnetization condition).
Then, the magnetic configuration was allowed to relax to minimize
the total energy until it reached a final magnetic configuration, cor-
responding to the local minimum energy. The final magnetic con-
figuration was considered the ground state of the specific nanoring,
which corresponded to the final total energy lower value. Fig. 7
shows that the ground state corresponds to the vortex configura-
tion in the case of the nanorings with an internal diameter of (b)
120, (c) 90, and (d) 60 nm. The magnetic vortex configuration
was the ground state for every simulated nanoring, irrespective
of the nanoring dimensions and metallic iron concentration. For
this reason, we believe that all samples exhibited a vortex config-
uration, irrespective of their metallic iron concentration.
3.3. Biological tests

To verify the cytotoxic dose of VIP78% (i.e., the sample with a
metallic iron content of 78%), we performed the MTT assay using
two different cell lines, namely, HEK293 (epithelial cells from
human kidney embryo) and SAOS2 (human osteosarcoma cell line)
(see Fig. 8 (a) and (b), respectively). The results showed that, in the
case of HEK293 cells, the maximum non-cytotoxic dose was
100 mg/mL. In contrast, the SAOS2 cells showed greater resistance
to the VIP78%, exhibiting no signs of cytotoxicity even after expo-
sure to the nanorings at a concentration of 500 mg/mL. Since MTT is
a colorimetric assay, to verify whether the color of the iron parti-
cles interfered with the assay, we tested the cells after exposure
at a concentration of 100 mg/mL using the live/dead assay. This



Fig. 8. Viability of (a) HEK and (b) SAOS2 cells determined by MTT assay after 24 h of exposure to VIP78%; (c), (d) fluorescence microscopy images of live/dead assay after 24 h
of exposure to 100 lg/mL of VIP78% for HEK and SAOS2 cells line, respectively. Live cells are shown in green (calcein positive), while dead cells are shown in red (ethidium
positive). Merged images show overlapping live and dead cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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assay is a two-color assay based on integrity of the plasma mem-
brane and esterase activity and is used to determine cell viability.
Since it is a fluorescent assay, it eliminates the interference
observed from the color of the material used during the calorimet-
ric assay as MTT. In addition, this test can discriminate a single cell
event based on simultaneous cell staining using the intracellular
esterase activity, generating green-fluorescent calcein-AM (AM,
acetoxymethyl) to indicate live cells and fluorescent ethidium
homodimer-1 which owing to the loss of the plasma membrane
integrity, can reach and stain the DNA (deoxyribonucleic acid) in
red, indicating dead cells. Fig. 8(c) and (d) show fluorescence
microscopy images of the HEK and SAOS2 cells line, respectively.
Live cells stained green (Calcein positive) and dead cells stained
red (Ethidium positive, EtH). However, significant cell death was
not observed in the case of either cells lines, corroborating the
MTT assay results. Furthermore, a concentration of 100 lg/mL
was determined to the maximum non–cytotoxic dose of VIP78%
concentration for both cell types. The high biocompatibility of
VIP78% is attributable to the presence of magnetite/maghemite
on the nanoparticle surfaces; since this iron oxide is well-known
biocompatible [66] and can isolate the highly reactive metallic
iron. It is important to highlight the fact that the VIP78% nanopar-
ticles had the finest surface layer of iron oxide. Therefore, it is
expected that the other VIPd samples (i.e., those with d � 78%)
would also exhibit biocompatibility.
9

4. Conclusions

In summary, through a combination of hydrothermal synthesis
and controlled reduction processes, we fabricated VIPd nanorings
with a core–shell structure composed of metallic Fe (core) and iron
oxide (shell). Thus, the nanorings exhibit the biocompatibility of de
iron oxide combined with the high magnetic saturation of metallic
iron. The reduction process was studied in detail using both ex-situ
and in-situ X-ray techniques. It was found that controlling the
reduction time, as well as the hydrogen concentration, is crucial
for optimizing the metallic iron content and hence the magnetic
parameters. For short reduction times and weak hydrogen reduc-
tion conditions, the metallic iron content was low, and therefore
the magnetic properties of iron oxide dominated the resulting sys-
tem. In contrast, for longer reduction times and strong hydrogen
reduction conditions, the metallic iron content was higher, and
so were the magnetic saturation values. Micro-magnetic simula-
tions provided information regarding the expected vortex-type
magnetic behavior based on the ring-like morphology of the
nanoparticles. In addition, the results of cytotoxicity tests per-
formed using VIP78% on HEK293 and SAOS2 cell types confirmed
that the cells showed high resistance to the nanoparticle. Thus,
the nanoparticles exhibited high biocompatibility and did not
result in significant cell death despite the presence of the metallic
iron core. These properties make VIPd a versatile system for use in



B.M. Galeano-Villar, R.J. Caraballo-Vivas, Evelyn C.S. Santos et al. Materials & Design 213 (2022) 110303
various bioapplications such as drug delivery, magnetic hyperther-
mia, magnetic separations, and magnetic resonance imaging. Nev-
ertheless, the hydrothermal extended reaction process needs to be
overcome, and the effects of large-scale of the system for future
commercial production needs investigation. Several challenges
must be addressed; thus, investigations of the crystalline structure
at the nanoscale using Synchrotron Radiation source; the colloidal
stability and the uptake of VIPd by cells using in situ transmission
electron microscopy; in vitro magnetic hyperthermia, and drug
delivery. All these points are part of ongoing studies to validate
the conclusions obtained from the present study.
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